Over the past few years, a question has arisen about the degree of exposure to airborne asbestos associated with the application, cleanup, and tear-out of glues and mastics used between 1940 and the present. These liquid products were used either to adhere insulation to pipes and boilers or to cover the insulation so as to protect it. In this study, four asbestos-containing products, a coating, two mastics, and an adhesive, which were representative of the various classes of products that have been used historically, were tested to determine the airborne concentration of asbestos fibers released during five different activities (application, spill cleanup, sanding, removal, and sweep cleaning). Each activity was performed for 30 min (often in triplicate). Personal (n ¼ 172) and area (n ¼ 280) air samples were collected during the tests, and each was analyzed for total fiber concentrations using phase contrast microscopy (PCM), and for asbestos fiber count using transmission electron microscopy (TEM). A measurable concentration of asbestos fibers was detected in six of the 452 samples collected (0.0017-0.0184 fibers/ml). The observed asbestos fibers counts for each product were similar to background. Only one asbestos fiber was detected in an indoor background sample; no asbestos fibers were identified in any of the outdoor background samples. The (raw) PCM-total fiber concentrations were adjusted based on TEM analyses that reported fraction of asbestos fibers (to derive a PCM-asbestos concentration) and by the fraction of the 8-h workday that a worker spends performing the activity (to derive a calculated TWA). For the coatings, mastics, and adhesives evaluated in the present study, the calculated TWAs using hypothetical work scenarios were well below the current Occupational Safety and Health Administration (OSHA) Permissible Exposure Limit (PEL) of 0.1 fibers/ml. The calculated TWAs ranged from 0.03 to 0.009 fibers/ ml. The actual concentration of airborne asbestos due to these products is almost certainly much less than the TWAs, and may be so low as to not be measurable. These results support the historical view that these products, over the past 50 years, did not pose an occupational health hazard under foreseeable uses.
Introduction
Generally, when health hazard assessment of asbestoscontaining products are conducted, friable products with a certain asbestos content and the potential to release free asbestos fibers are evaluated. Exposure to free fibers occurs when workers handle and process raw asbestos, which can become air-borne when dry. Some products, however, contain so-called ''encapsulated fibers.'' This term applies to fibers that are coated with a material or wetted with a binder, resin, or other medium, thereby confining the asbestos fibers within a solid matrix and limiting their potential to become airborne.
The differences between these friable and encapsulated types of products have been known for decades. For example, in 1970, perhaps the premier authority on asbestos noted that, ''It is known that a large proportion F something like 50% F of the asbestos used in this country for the past 40 years has gone into the construction industry in one form or another. It is fortunate that the greatest part of this has been in products in which asbestos is 'locked in' F that is, it is bound with cement or plastics or other binder so that there is no release, certainly no significant release, of asbestos fiber in either working areas or general air'' (Selikoff, 1970) . Regulatory agencies have also treated encapsulated products differently from products from which free fibers could be released. For example, in its 1972 Standard for Exposure to Asbestos Dust, the Occupational Safety and Health Administration (OSHA) noted that ''no [caution] label is required where asbestos fibers have been modified by a bonding agent, coating, binder, or other material so that during any reasonably foreseeable use, handling, storage, disposal, processing, or transportation, no airborne concentrations of asbestos fibers in excess of the exposure limitsywill be released'' (Federal Register, 1972) .
OSHA and the US Environmental Protection Agency (EPA) categorize products containing encapsulated asbestos differently from other asbestos-containing materials. These products, which include some mastics, coatings, and adhesives, are excluded from the federal regulations promulgated in OSHA regulation 29 CFR 1926 .1101 (Code of Federal Regulations, 1995 . This is due to the encapsulation of asbestos fibers in a solid matrix, which limits their potential for airborne release. This solid matrix serves to coat or saturate the fibers with a bonding agent so that they are not expected to be released during product manipulation. If under some condition there is inhalation of some fibers, the presence of the encapsulating medium both inside and outside the fiber may significantly reduce (or eliminate) its adverse effects (OSHA, 1994; EPA, 1999) . Several studies have measured total or asbestos fibers released from mastics and adhesives during floor-tile removal (Brackett et al., 1992 ; US Army Corps of Engineers (ACE), 1992; Lange and Thomulka, 2000a, b; Lange, 2001) , and during the application and removal of boiler caulking coating and chimney weatherproofing mastics (Mobil Oil Corporation, 1992; EPA, 1992a, b) . Average asbestos fiber concentrations measured in all of these studies were found to be well below even current occupational guidelines.
Despite these findings, there continues to be a concern about the hazards posed by these products, as evidenced by the literally thousands of personal injury cases that have been filed (Hyde, 1999; Wall Street Journal, 2000) . In most industries, with respect to mastics and coatings used to cover insulation, it is virtually certain that most, if not all, of the exposure to airborne fibers was due to the disturbance of a primary, underlying asbestos-containing material, rather than to the secondary, encapsulated asbestos-containing products themselves. In fact, one of the roles of the mastics and coatings was to prevent the fibers in the insulation from breaking off and entering the work environment. Mastics and coatings are generally used to provide protective barriers for insulation on tanks, vessels, pipes, and conduits. Specifically, they provide a watertight covering over insulation to protect it from weathering, water vapor migration, and mechanical or chemical damage (Brinson et al., 1990; Panek and Cook, 1991) . Adhesives, on the other hand, function primarily as mechanical fasteners and provide corrosion protection and vibration and fatigue resistance (American Society for Testing and Materials (ASTM), 1989; Brinson et al., 1990; Panek and Cook 1991) .
In this study, the potential release of asbestos fibers from selected mastics, coatings, and adhesives designed for use with bulk insulating materials and historically containing high concentrations of friable asbestos was measured. Four different products were selected as generally representative of the variety of mastic, coating/sealant, and adhesive products that were manufactured by Amchem Products, Inc., including those produced in the 1950s, 1960s, and 1970s.
Methods
Four asbestos-containing commercial products were evaluated for their potential release of asbestos fibers under different testing scenarios: one coating (Lagtone 31-95), two mastics (Sealfas 41-96 and C.I. Mastic 60-25), and one adhesive (Fibrous Adhesive 81-27) (see Table 1 ). These products, which were produced historically by Amchem Products, Inc., were manufactured in a pilot-plant setting during the summer of 2002, based upon formulation sheets from the 1960s. The formulation sheets and the quality control specifications were obtained from Amchem Products, Inc. archives. The products manufactured in 2002 were virtually identical to those products produced in the 1960s and are representative of the general line of products produced over a wide timeframe.
Products Tested
Lagtone 31-95 (Black) is a polyvinyl acetate (PVA)-based, water-soluble, asbestos-containing (1%) coating that generally provides color and a tough, flexible, protective coating for thermal insulation. The fully cured product is resistant to dilute acids and alkalis, solvents, and water.
Sealfas 41-96 (Heavy Trowel Grade, Black) is a PVAbased, water-soluble, asbestos-containing (9%) mastic that provides weather protection for insulation on outdoor storage tanks and a protective coating for thermal insulation on indoor heating equipment. The fully cured product, which is generally representative of various weather coatings, is tough, fire-and abrasion-resistant, and is resistant to dilute acids and alkalis, solvents, and water. C.I. Mastic 60-25 is a solvent-based, high-solids, asbestoscontaining (8%), asphaltic mastic that provides a water vapor barrier jacket for outdoor heating equipment in dualtemperature or intermittent operation. The fully cured product, generally representative of heavy-duty mastics, develops a tough, durable, vapor-barrier, asphaltic coating. The range of asbestos content in this product over the years was 7-9% (wet, by weight).
Fibrous Adhesive 81-27 is a water-soluble adhesive used to attach lagging cloth or insulation in high temperature applications. It is composed of sodium silicate and asbestos (8% asbestos). Fibrous Adhesive 81-27 is representative of various classes of adhesives historically produced by Amchem Company that were used on or near hot surfaces. The range of asbestos content in this product over the years was 1-16% (wet, by weight).
Testing Protocol
The primary objective of this study was to collect representative air samples (personal and area) during mechanical manipulation of test materials under controlled conditions, and to quantify the asbestos fiber concentrations following OSHA/NIOSH procedures. Five different activities were evaluated in the testing program: (1) product application, (2) spill cleanup, (3) product sanding, (4) product removal, and (5) postremoval sweep cleaning of a work area. The duration of product testing was a function of both the volume of the remanufactured testing materials available and the desire to conduct each test in triplicate to evaluate reproducibility. These tests are described below and summarized in Table 2 .
Application Test The application test was designed to quantify the concentration of asbestos released during the application of the four products to representative surfaces. During the application tests, the products were applied by brush or trowel, or were smeared by hand, in accordance with normal application procedures for each product.
In the application testing of Lagtone 31-95, one coat of the product was brushed over a tack coat of non-asbestoscontaining mastic. Small deposits of each test product were dropped onto aluminum sheets and air-dried in a covered area for a specified length of time (2-8 h) or oven-dried until fully cured. The bulk of each deposit was removed using various techniques.
Sanding
To quantify the concentration of asbestos released during the sanding of the surface of dried, applied coats of the test products, simulating aggressive removal of dried products from work surfaces.
Lagtone 31-95, Sealfas 41-96, C.I. Mastic 60-25
The surface of a board covered with a fully dried coat of each test product was sanded by hand (using first a coarse, 60-grit sandpaper and then a finer, 120-grit sandpaper).
Removal
To quantify the concentration of asbestos released during cutting and sawing, simulating the removal of test products and their substrates from surfaces.
Lagtone 31-95, Sealfas 41-96 Styrofoam boards coated with fully dried test product were cut into narrow strips (0.25-1.5 in wide) using a utility knife, fine-toothed saw, and wallboard saw. The cut pieces were removed by hand or by scraping with a putty knife.
SweepCleaning
To quantify the concentration of asbestos released during sweeping activities, simulating the cleaning of a work area following removal of the test products.
Lagtone 31-95, Sealfas 41-96
A hand-held bench brush was used to remove debris coated with test product (remaining from the removal test) and from the table on which the testing had been performed. A broom and dustpan were used to clean the debris from the floor of the testing area. All debris was placed in a garbage can.
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was covered using an average of 1.34 kg of Lagtone 31-95 per replicate. The coat thickness was measured after product application to ensure uniform and sufficient coverage, as specified by the historical product data sheets.
In the application testing of both Sealfas 41-96 and C.I. Mastic 60-25, the test compounds were applied to the test boards F Sealfas 41-96 by brushing, and C.I. Mastic 60-25 by troweling. Sealfas 41-96 was applied to Styrofoam boards. The C.I. Mastic 60-25 was applied to corkboard. Non-asbestos substrates were used in order to limit the amount of fiber from sources other than the test material, and simulated the insulating material over which the product was applied. A layer of cheesecloth was placed between the first (tack) and second (finish) coats of C.I. Mastic 60-25 and Sealfas 41-96 to imitate an embedded membrane, which was used for strength. For each replicate of the Sealfas 41-96 application test, 32 ft 2 of material was covered using an average of 4.08 kg of the product per replicate. For C.I. Mastic 60-25, 8 ft 2 of material was covered using an average of 4.08 kg of product per replicate. Coat thickness was measured after the application of each coat to ensure uniform and sufficient coverage, as specified by the historical product data sheets.
In the application testing of Fibrous Adhesive 81-27, the product was applied with glove onto aluminum panels. A Styrofoam board was then adhered to the aluminum panel to simulate the installation of insulation material. Aluminum panels were used for this test to represent a nonporous metal surface. In the Fibrous Adhesive 81-27 application test, 4.31 kg of the test compound was used to cover 64 ft 2 of substrate per replicate.
The test boards from the Lagtone 31-95, Sealfas 41-96, and C.I. Mastic 60-25 application tests were air-dried in a covered area at ambient outdoor temperatures for 1 day and then placed in an oven and dried at 1501F until cured, following ASTM methods. Cure tests were performed according to ASTM Method 419-94 (Standard Practice for Making and Curing Test Specimens of Mastic Thermal Insulation Coatings) for volatile content and a modification of ASTM Method 461-81 (Standard Test Methods for Mastics and Coatings Used With Thermal Insulation) for solids content. The cured boards were retained for use in later testing.
Spill Cleanup Tests
The spill cleanup tests were designed to collect representative air samples (personal and area) under controlled conditions, and to quantify the asbestos fiber concentrations following OSHA/National Institute for Occupational Safety and Health (NIOSH) procedures. Several types of cleanup tests were performed, varying in test material application method and drying time, as described below. For Lagtone 31-95, Sealfas 41-96, and C.I. Mastic 60-25, a series of 4-, 8-h, and long-term spill cleanup tests were performed. For Fibrous Adhesive 81-27, an adhesive, a 2-, 4-, and 8-h spill cleanup tests was conducted.
For the spill cleanup tests, the products were deposited onto aluminum sheets in one of two ways. For all other tests, a small amount of product was scraped onto a 1.5-in putty knife and, using a rapid wrist movement, was flipped off the putty knife onto the sheet from a height of 1-3 ft. The deposits of products on the aluminum sheet were generally round in shape and ranged from 0.5-to 2-in in diameter. For Fibrous Adhesive 81-27, which is less viscous than other test materials, an additional test was conducted, where a For the 2-, 4-, and 8-h tests, the aluminum sheets containing the deposited products were air-dried in a covered area at ambient temperatures for 2, 4, and 8 h, respectively. For the long-term tests, the test panels were air-dried in a covered area at ambient temperatures for one day and then moved to an oven and dried at 1501F until cured. For the 4-and 8-h tests with Lagtone 31-95, Sealfas 41-96, and C.I. Mastic 60-25, each product deposit was removed from the test panels in two steps. First, the deposit was wiped with a dry cotton cloth; then any remaining residue was washed from the test panel using a wet cotton cloth. For the water-soluble test materials F Lagtone 31-95 and Sealfas 41-96 F a wet, soapy cloth was used; for the solventbased C.I. Mastic 60-25, mineral spirits was used instead of water. The cleaning methods and materials were selected based on manufacturers' instructions.
For the long-term tests with the above three products and for all the tests with Fibrous Adhesive 81-27, the bulk of each deposited product was scraped from the surface of the aluminum sheet using a beveled scraper or a 1.5-in putty knife. Loose material was then removed using a wet cotton cloth. In the cases of Lagtone 31-95 and Sealfas 41-96, the cloth was wet with soapy water; for C.I. Mastic 60-25, with mineral spirits; and for Fibrous Adhesive 81-27, with water. The test panels were then wiped dry with a cloth.
Sanding Test
The sanding test was designed to collect representative air samples (personal and area) during mechanical manipulation of test materials under controlled conditions, and to quantify the asbestos fiber concentrations following OSHA/NIOSH procedures. Sanding tests were conducted using the cured test boards prepared during the application tests for Lagtone 31-95, Sealfas 41-96, and C.I. Mastic 60-25. Prior to sanding, the test boards for each of the three products were attached to plywood for stability. The surface of each product-coated board was sanded by hand using a coarse, 60-grit sandpaper, and then a finer, 120-grit sandpaper. Product residue was swept from the surface of the test boards when the type of sandpaper in use changed and after the test. Residue was first swept using a dry cotton cloth followed by a damp sponge. Unlike the other test activities, sanding was not a typical or routine activity of these products; however, for purposes of this study it was conducted to illustrate an aggressive manipulation of the product.
Removal (Cutting) Test
The removal test was designed to quantify the concentration of both total fibers and asbestos fibers released during cutting and sawing activities that would have been used to remove the products and insulation-like substrates. Cutting tests were conducted for both Lagtone 31-95 and Sealfas 41-96 using the cured test boards prepared during the application tests and manipulated during the sanding tests.
The product-coated test boards were cut into narrow strips (0.25-1.5 in wide) using a utility knife, a fine-toothed saw, and a wallboard saw. These tools were used to evaluate the utility of various cutting surfaces (serrated vs. smooth edge). The cut pieces of product-coated Styrofoam were removed from the plywood surface by hand or by scraping with the aid of a putty knife, and then were discarded on the floor of the testing room or the ground of the testing area. At the conclusion of the removal test, the testing room was left in its final state in preparation for a subsequent sweep-cleaning test.
Sweep-Cleaning Test
The sweep-cleaning test was designed to collect representative air samples (personal and area) under controlled conditions, and to quantify the asbestos fiber concentrations following OSHA/NIOSH procedures during the sweep cleaning of a work area. The sweepcleaning tests were performed using the remnants from the Lagtone 31-95 and Sealfas 41-96 removal tests.
For each test, a handheld bench brush was used to brush debris from the plywood base to which the test boards had been attached. The plywood was then removed from the table and set aside, and debris remaining on the table was brushed onto the floor in front of the table. The floor was then swept using a push broom. The product-coated strips of Styrofoam and other large debris were placed in a garbage can by hand, and small debris was swept into a dustpan and disposed of in the garbage can.
Testing Facility
All tests were conducted at a single test facility using an indoor testing room and outdoor testing area, depending on the intended use of the product. Tests using Lagtone 31-95 and Fibrous Adhesive 81-27 were conducted indoors. The indoor testing room (Figure 1 ) (room dimensions were 16 Â 16 ft with an 8-ft ceiling) was equipped with a fan and a high-efficiency particulate air (HEPA) filter, which exhausted 170 ft 3 cubic feet of air per minute, resulting in five air changes per hour. This exhaust rate was selected since typical indoor air exchanges are four or greater (American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE), 2001). Tests using Sealfas 41-96 and C.I. Mastic 60-25 were conducted in an outdoor testing area. A schematic of the outdoor testing room is shown in Figure 2 . The number of replicate tests performed and the number of samples collected per activity and test material are presented in Table 3 .
Test Design/Air Sampling Data
Fibers released during the five activities were measured using area and personal samples for total fiber concentration by phase contrast microscopy (PCM) and asbestos fiber count by transmission electron microscopy (TEM). Area samples were high-volume samples collected to evaluate the concentration of asbestos near the work area. Personal samples were collected to evaluate the concentration of asbestos in the worker's breathing zone while conducting a specific activity.
During each test, four area samples were collected at a distance of approximately 6 ft from the center of the work surface at a height of 57 in. Area samples were collected on mixed cellulose ester (MCE) filters with a pore size of 0.45 mm and a diameter of 25 mm. These samples were collected at a flow rate of 10.0 l/min for either 30 min or the duration of the testing activity (whichever was longer). Personal breathing-zone samples were collected on 0.8-mm MCE filters (25 mm in diameter) during each test. Two breathing-zone samples (both on the left shoulder lapel) were collected at a flow rate of 2.0 l/min for 30 min or the duration of the testing activity (whichever was longer). In tests lasting fewer than 30 min, a third personal sample was collected at the same rate (for the duration of the testing activity) to check for any possible dilution effects in the longer-running samples. The sampling duration was based on the ability to detect fiber concentrations at or below the OSHA PEL of 0.1 fibers per milliliter (fibers/ml).
PCM analysis was conducted using NIOSH Method 7400 (NIOSH, 1994a) . TEM analysis was conducted using Method 7402 (NIOSH, 1994b) . Standard quality control procedures were followed. Two blank sample cassettes were included in the analyzed cassettes for each test, and these blanks were handled identically to the cassettes used for test sample collection. The PCM and TEM method results were for fibers that were 5 mm or greater in length, with an aspect ratio of at least 3:1, as prescribed in NIOSH methods 7400 and 7402.
Background and clearance samples were also collected in the test to provide information on ambient concentrations of asbestos fibers. Clearance air samples were collected in the test areas prior to product testing. Background and clearance samples were collected using the perimeter pumps on 0.8 mm (pore size) MCE filters, 25 mm in diameter. Most samples were collected for at least 2 h at a flow rate of 10.0 l/mm, corresponding to an air volume greater than or equal to 1200 l.
Time-Weighted Average Concentrations
To allow for comparisons to be made with the OSHA PEL, 8-h time-weighted averages (TWAs) were calculated. An 8-h TWA can be calculated from the personal samples with detectable quantities of asbestos fibers (as measured by TEM) to characterize the exposure of a hypothetical worker using mastics, coatings, and adhesives during a normal workday. In this study, only the spill cleanup and sanding samples had detectable asbestos fibers. Since the results of NIOSH Method 7402 provide total asbestos fibers and TWAs must be calculated using PCM fibers, the TEM results were converted to PCM-asbestos concentrations. This process, as delineated in NIOSH Method 7402, is used to estimate the fraction of optically visible fibers (PCM) to total asbestos fibers (TEM). This fraction is then used to obtain the PCM-asbestos concentrations; that is, the fraction of PCM total fibers estimated to be asbestos fibers. The PCMasbestos concentrations are then used to calculate a TWA to account for the duration of a worker's activity within an 8-h workday.
The 8-h TWA can be calculated as follows:
where n is the total number of activities evaluated in a particular scenario, c i the PCM-asbestos concentration measured during activity i (in fibers/ml, where activities include spill cleanup, application, sanding, removal/cutting, and sweep cleanup), and t i the duration of activity i (in h). When calculating the TWA, the sum of all t i must equal 8 h.
Results

Total Fibers
The detection limit for total airborne fibers using the PCM method ranged from 0.005 to 0.01 fibers/ml for area samples and 0.02-0.12 fibers/ml for personal samples. These include non-asbestos fibers (PCM-asbestos fiber concentrations ranged from 0.003-0.040 fibers/ml). This range in detection limits is due to variation in the air volumes sampled during different tests. Because area samples were collected at a higher flow rate than personal samples, a larger volume of air was sampled and a lower detection limit was achieved.
Total fibers (which are composed of non-asbestos and asbestos fibers) were detected in 120 of 452 samples (see Table 4 ). The majority of these detections were found in the area air samples, with only eight detections found in the personal air samples for only one test product (Lagtone 31-95).
The PCM-total fiber concentrations were adjusted based on TEM analyses that report the fraction of asbestos to nonasbestos fibers to derive a PCM-asbestos concentration. For purposes of evaluating potential exposures, and PCMasbestos concentration was adjusted by the fraction of the 8-h workday that a worker spends performing the activity to derive a calculated TWA.
Asbestos Fibers
The detection limit for airborne asbestos fibers using the TEM method ranged from 0.002 to 0.004 fibers/ml for area samples and 0.01-0.05 fibers/ml for personal samples. The range in detection limits was again due to variations in the volume of air sampled. The true airborne concentration of fibers from the product may thus be so low as to not be measurable.
Asbestos fibers were detected by TEM in only six of 452 samples (Table 5) . Of these six samples, four were area samples, and two in personal samples. A total of five fibers were detected in samples collected during the sanding tests (two area and one personal sample), spill cleanup tests (one area and one personal sample), and sweep-cleaning tests (one area sample). Asbestos fiber counts for these six samples ranged from 0.5 to 1 fibers. Three of the samples in which asbestos fibers were detected were collected during testing of Sealfas 41-96 (one whole fiber and two half-fibers), two during testing of Fibrous Adhesive 81-27 (two whole fibers), and one during testing of Lagtone 31-95 (one whole fibers). No asbestos fibers were detected during either the application or removal tests.
PCM-Asbestos Fiber Concentrations
Using the analytical data from PCM and TEM analyses, a PCM-asbestos fiber concentration was calculated (Table 6 ) These concentrations ranged from 0.003-0.040 fibers/ml. As described in Method 7402 for TEM, the ratio of asbestos to non-asbestos fibers is used to adjust the PCM result for a specific sample. The ratio is applied to the PCM result for a particular sample resulting in a PCM-asbestos concentration. 
Background Concentrations
A total of 44 background samples were collected during the indoor testing of Lagtone 31-95 and Fibrous Adhesive 81-27; 36 background samples were collected during the outdoor testing of Sealfas 41-96 and C.I. Mastic 60-25. The mean detected concentrations of total fibers were 0.005 and 0.003 fibers/ml for the indoor and outdoor samples, respectively. Only one asbestos fiber was detected in an indoor background sample. No asbestos fibers were identified in any of the outdoor background samples.
Time-Weighted Average Concentrations
An 8-h TWA can be calculated from the personal samples that had detectable quantities of asbestos fibers (as measured by TEM) to characterize the exposure of a hypothetical worker using mastics, coatings, and adhesives during a normal workday using PCM-asbestos concentrations (Table 6 ). Personal samples are the best indicator of worker exposure from which an 8-h TWA can be calculated based upon the nature and duration of the worker's activity. In this study, only two personal samples had reportable levels of asbestos fibers and were associated with the 2-h spill cleanup (Fibrous Adhesive 81-27) and sanding (Sealfas 41-96). The actual asbestos fibers counted in these personal samples ranged from 0.5 to 1.0 fibers. Recall that sanding was not considered to be a typical activity that a worker would perform on these materials but was evaluated in this study to characterize the possible release of asbestos fibers from aggressive manipulation of the product. Based on the results of these samples, one can construct a typical 8-h workday exposure scenario (termed Scenario A) for a worker engaged in these activities. In this scenario, a worker's typical day may entail several activities such as application (4 h), spill cleanup (1 h), sweep cleanup (1 h), and sanding (1 h), assuming 1 h for lunch and breaks. Based on these activities, assuming background concentrations for those activities in which no asbestos fibers were detected, the 8-h calculated TWA for this worker is estimated to be no greater than 0.009 fibers/ml.
In Scenario B, assume a worker conducted only the spill cleanup and sanding activities (the only activities for which detectable asbestos fibers were found in the present study). In this scenario, assume that the duration of spill cleanup, each day, is 2 h, that the duration of sanding is 4 h, and 2 h is spent for lunch and breaks. Because sanding was not considered to be a typical activity that a worker would perform on these materials, this scenario is representative of release of asbestos fibers from aggressive manipulation of the product. Based on these assumptions, the 8-hour calculated TWA for Scenario B is 0.03 fibers/ml.
Finally, in Scenario C, assume a worker only performs the removal and cutting activities. In this scenario, assume the worker removes and cuts materials for 4 h, cleans up these materials for 2 h (via sweep cleaning), and is on breaks or at lunch for 2 h. Based on these assumptions, the 8-h calculated TWA exposure for Scenario C is 0.009 fibers/ml.
Discussion
Thousands of asbestos-containing encapsulated products were manufactured in the United States and other countries between 1920 and 1980 F among them are brake linings, floor and roof tiles, coatings, adhesives, and spray-on fireproofing materials (Skidmore and Dufficy, 1983 ; World Health Organization (WHO) 1986). The abundant natural Notes: NIOSH method 7402 procedures were used to obtain the fibers ratio of asbestos to total fibers. PCM fiber counts were then converted to PCMasbestos fiber concentrations using the TEM. f s ¼ Number of asbestos fibers counted on TEM grid. F s ¼ Number of total fibers counted on TEM grid.
Only test activities where asbestos fibers were detected are included. Asbestos fibers were not detected in any application or removal tests.
Asbestos exposure from mastics and adhesives Paustenbach et al. supply, low cost, fireproof nature, chemical inertness, ease of mixing, and reinforcement properties of asbestos led to its use in a variety of applications. With regard to mastics and coatings specifically, asbestos imparts the property whereby the mixture remains in a consistent state, such that it does not run or sag. For example, if the mastic is to be applied to a vertical or sloping surface (such as on a roof), or one that is elevated off the ground (such as a pipe on a ship), the retardation of running or sagging is provided by the asbestos content (Hodgson, 1985) . Although no adverse health effects have been associated with these encapsulated products, a gradual phase-out of asbestos in these products began in 1980. Certain asbestos-containing mastics are still sold today, however, further exemplifying the lack of health hazards associated with these products. These mastics are sold without warning labels, as specified in OSHA regulations.
Similar studies have been performed on other coating and mastic compounds and have detected negligible asbestos air concentrations. Results of air sampling conducted during typical work simulations involving asbestos-containing outdoor weatherproofing coatings manufactured by Mobil Oil indicated that airborne asbestos fiber concentrations ranged from 0.024 to 0.088 structures/cm 3 during application, and o0.01 structures/ml during removal (Mobil Oil Corporation, 1992) . In this study, all structures, including those with lengths greater than 5 mm, were counted. More specifically, structures include all bodies associated as having an asbestos component; thus, the results are likely greater than had criteria (i.e., biologically relevant) fibers been counted, as was done in the present study. In other studies, asbestos-containing products like floor tiles and adhesives have been found to yield negligible concentrations of airborne asbestos during their routine use (Brackett et al., 1992; EPA, 1992a, b; ACE, 1992; Lange, 2001) . Studies conducted by the National Roofing Contractors Association (NRCA) (1994) indicate that removal of asbestos-containing roof flashings and associated mastics, coatings, and cements also yielded low asbestos fiber concentrations, ranging from 0.004 to 0.027 fibers/cm 3 . Even during extreme mechanical manipulation such as mastic removal by grinding, Brackett et al. (1992) found an average asbestos concentration during removal of 0.002 fibers/ml (as measured by TEM). Although concentrations measured during mastic removal were elevated compared to other activities evaluated, most fibers (95%) released were less than 5 mm long and were still encased in binder material. Therefore, the vast majority would not be expected to pose a health hazard. In the ACE 1992 study, in which over 1000 samples were taken, mastic removal using a sanding machine was measured. Results indicate that the OSHA PEL of 0.1 fibers/ml was never approached. Although grinding or sanding of the mastics, coatings, and adhesives evaluated in the present study would not likely occur based on the typical usage and manufacturer's specifications, these studies indicate the extremely low potential for asbestos fibers contained within these products to become airborne. In addition, the results of these studies generally support the appropriateness of differentially regulating materials containing encapsulated asbestos, because virtually no exposure to airborne asbestos from these products is expected.
TWAs are generally the best indicator of worker exposure based on the nature and duration of the worker's activity over a typical 8-h day. For the mastics evaluated in the present study, calculated TWAs were 0.009 fibers/ml (Scenario A), 0.03 fibers/ml (Scenario B), and 0.0009 fibers/ml (Scenario C), all well below the current OSHA PEL of 0.1 fibers/ml. Since it is difficult to distinguish these values from background (DLV ¼ 0.0009 fibers/ml), they may well not be due to release from products. As previously mentioned, sanding was not considered to be a typical activity that a worker would perform on the materials tested, but was evaluated to determine the possible release of asbestos fibers from aggressive manipulation of the product. It should be noted, however, using the concentrations measured in this study, if a worker were to sand the Sealfas 41-96 for 8 h in a workday, the resulting TWA would be 0.04 fibers/ml. Lange and Thomulka (2000a) reported exposure concentrations during an asbestos abatement project conducted in 1997 involving a 20-day removal of floor tiles and mastic (asbestos concentrations ranging from 3 to 7%) in a three-story dormitory building. These authors calculated 8-h TWAs ranging from o0.01 to 0.021 fibers/ml based on personal samples of airborne asbestos taken during removal of floor tile and mastic. These TWAs are similar to those obtained in the current study, and are an order of magnitude lower than the current OSHA PEL. Similar results were presented by the same authors when calculating TWAs after shot-blasting removal of mastic from underneath floor tiles (Lange and Thomulka, 2000b) .
In short, no measurable concentration of airborne asbestos was detected during the normal and foreseeable use of these adhesives, mastics, and coatings. These results are not unexpected because the asbestos fibers in the tested products must be mixed thoroughly into the liquid medium to insure that the product can be applied smoothly (e.g., have high fluidity) and maintain its integrity over time. This is consistent with findings of First and Love (1982) , who kneaded asbestos fibers into a mixture of mastic materials during manufacture of high-asbestos-content caulking compound. Once the asbestos fibers were fully mixed, ''all of the asbestos and talc [became] thoroughly incorporated into a sticky non-dusting plastic mass and release of asbestos is no longer possible.'' This statement was confirmed by airborne exposure testing, with asbestos concentrations ranging from 0 to 0.047 fibers/cm 3 . In conclusion, this study validates previous accounts of the low probability that asbestos will become airborne from coatings, mastics, and adhesives used in the insulation industry from about 1930 to the present. Based on the results, there is virtually no occupational exposure to the asbestos in these products during the application, spill cleanup, sanding, cutting and removal, and sweep cleanup.
